Thirty-nine strains of rapidly growing mycobacteria were examined for the production of mycobactins (lipid-soluble, iron-binding compounds) when grown under conditions of ironlimitation on solidified medium. Different growth conditions had little effect on the structure of individual mycobactins, indicating them to be strongly conserved molecules showing intraspecies consistency and thus suitable for use as chemotaxonomic characters of high discriminatory power. For routine examination of mycobactins in a diagnostic laboratory with limited resources, thinlayer chromatography used alone offers a simple but adequate means of characterization and final identification of the producing mycobacterium. High-performance liquid chromatography is only needed in those few instances where a high degree of discrimination is required.
INTRODUCTION
The application of various chemical methods has greatly improved the classification and identification of mycobacteria (Minnikin & Goodfellow, 1980; Goodfellow & Wayne, 1982) . Snow & White (1969) suggested a possible approach to identification at the species level based on the variation in chemical constitution of the lipid-soluble, iron-chelating compounds, the mycobactins (Fig. l) , produced by mycobacteria under conditions of iron-limitation. These compounds are retained within the cell envelope and function to transport iron across these hydrophobic layers into the cell (Ratledge, 1982 b) . Different mycobacterial species produce mycobactins, which comprise a family of homologues having long alkyl side chains of various lengths (Fig. 1 ). Although Snow (1970) showed that species-specific differences could be readily observed following thin-layer chromatography (TLC) of these compounds, their real taxonomic potential was never proved, owing to the major difficulty of devising a suitably simple procedure for isolating, purifying and analysing mycobactins. Only on a few occasions have they been used to identify a 'difficult' species (White & Snow, 1969; Hedren, 1974) .
We have recently developed an extremely simple method which promotes good accumulation of mycobactin using a simple glycerol/asparagine medium solidified with agar which does not need any pre-treatment for the removal of iron (Hall & Ratledge, 1982) . This approach, in conjunction with rapid methods of purification which have been developed in this laboratory (R,-R,) where R, is an acyl sidechain (C, *-CI9) (Snow, 1970; Ratledge & Ewing, 1978) and R2, R3, R, and R5 are usually H or CH3 substituents (Snow, 1970; Ratledge, 19820) . (Ratledge, 1982a) , and the use of TLC and high-performance liquid chromatography (HPLC) (Ratledge & Ewing, 1978) has now proved to be a powerful tool for the classification and identification of mycobacteria. Our results with mycobactins from some rapidly growing mycobacteria are presented.
METHODS
Organism and growth for mycobactin formation. The bacterial strains examined for mycobactin formation are listed in Tables 1 and 3 . They were maintained on glucosefyeast extractfagar slopes (Gordon & Mihm, 1962) or as dense suspensions of cells frozen in 20% (v/v) glycerol at -20 "C (Wellington & Williams, 1978) . Mycobacteria were initially grown in liquid glycerol/asparagine medium (Ratledge & Hall, 1971) or glucose/yeast extract broth, neither of which was treated for iron removal, until good growth had been established. A sample (0.2 ml) was removed from each culture and inoculated on to glycerol/asparagine medium solidified with 2% (w/v) Lab M agar (London Analytical and Bacteriological Media, London, UK) as previously described (Hall & Ratledge, 1982) for the promotion of mycobactin formation. Cultures were then incubated until mycobactin was clearly visible by characteristic apple-green fluorescence of the desferri-molecule under UV light.
Isolation of mycobactin for characterization. Bacteria were harvested and the mycobactin extracted with calculation of final yields and partial purification carried out as previously described (Hall & Ratledge, 1982) . Species which failed to form mycobactin on glycerol/asparagine/agar (Table 3) were re-grown on glucose/yeast extractfagar and yielded mycobactin where shown. Those strains which still failed to produce a mycobactin were grown in 2 1 irondeficient glycerol/asparagine (Ratledge & Hall, 1971 ) medium dispersed in 100 ml lots in 250 ml conical flasks, shaken at 37 "C at 200 r.p.m.; and on between 50 and 100 plates (9 cm diam.) containing glycerol/asparagine/agar (Hall & Ratledge, 1982) .
Analytical methods. TLC analyses of the mycobactins were performed, in a single dimension, employing various adsorbents and solvents: system I, silica gel G, 20 cm x 20 cm (Analtech, Newark, USA), which was developed with petroleum spirit (b.p. 60 to 80 "C)/ethyl acetatefn-butanol(2 : 3 : 3, by vol.); system 11, Kieselgel60, 10 cm x 20 cm with a 2.5 cm x 10 cm concentrating zone (Merck, BDH), with petroleum spirit/ethyl acetatelm butanol (2 :3 : 3, by vol.); system 111, high performance thin-layer plates 10 cm x 10 cm with a 2.5 cm x 10 cm concentrating zone (Merck, BDH) with petroleum spirit/ethyl acetateln-butanol (2: 3 : 3, by vol.); system IV, alumina GF, 20 cm x 20 cm (Analtech) with cyclohexaneln-butanol (9 : 1, v/v); system V, plates as for system I but using methanol/ethyl acetate (4 : 1. v/v); system VI, plates as for system I but using propan-2-01 as solvent.
HPLC was carried out using a Spectra-Physics (Santa Clara, Calif., USA) SP 8000 instrument. Optimum separation was achieved using a reverse-phase column (4 mm x 250 mm) with packing material having a nonpolar surface activity and a particle size of 10 pm (Lichrosorb RP18, Jones Chromatography, Llanbradach, MidGlamorgan, UK). Mycobactins isolated from six strains of M . fortuitum were initially chromatographed using a Lichrosorb RP8 column and a methanolfwater gradient (70 : 30, v/v) which was changed in a linear gradient over 90 min to methanol alone (Table 2 ). However, a methanol/water gradient (80:20, v/v) , run over 30 min to methanol alone, was routinely employed for all other mycobactins examined. The solvent flow rate was 2 ml min -I , with a column temperature of 50 "C. For analytical separations, 10 pl of mycobactin in methanol (about 10 mg m1-I) was applied to the column. The eluate was monitored with a UV-visible detector (Spectra-Physics Model 770) set at 450 nm -the absorption maximum of the mycobactins. All solvents were of HPLC-grade quality.
The relative percentages of the various peak areas were calculated by the electronic integrator of the SP 8OOO.
RESULTS

Consistency of mycobactin production
In view of the likely chemotaxonomic importance of mycobactin, it was first essential to establish that mycobactins isolated from different strains of the same species produced the same TLC and HPLC patterns. Mycobacterium fortuitum was chosen as a representative of rapidly growing mycobacteria, a number of different strains being available. Seven strains were grown under conditions of iron-limitation on solid medium for 6 d. Examination of the mycobactins by TLC ( the mycobactin from NCTC 1542 where four major peaks (those at 1350,1422,1706 and 1798 s) were eluted some 100 s to 120 s earlier than those found in the other five strains. The reason for this difference, which was obtained upon re-examination of the mycobactin using a different solvent system, is not obvious. However, this minor difference in the elution profile was not regarded as significant, as there were still sufficient points of similarity between the overall profile given by NCTC 1542 mycobactin and the other mycobactins not to challenge the identity of this strain. An examination by both TLC and HPLC of the mycobactins from multiple strains of M. aurum (M397, M398, M399) and M . purufortuitum (M403, M404, M405, M406) (Table 3) again showed the intraspecies consistency of these compounds.
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Possible changes in the consistency of the mycobactins was also tested by examining the mycobactin produced by M . smegmutis NCIB 8548 grown on both liquid and solidified media over the entire growth period. From the earliest (2 d) to the latest (12 d) time of sampling, the mycobactins were identical in each type of culture and were also chromatographically identical to each other. The time of sampling and the method used to derepress mycobactin formation in a mycobacterium are therefore of little, if any, importance. Mycobactin production by a given organism can therefore be taken as being reliable and reproducible.
Survey of mycobactins produced by the rapidly growing mycobacteria
Having established the consistency of these compounds as chemotaxonomic markers, an extended examination of rapidly growing mycobacteria was undertaken using both TLC (Table  3) and HPLC with the RP18 column (Table 4) . From Table 3 one can see that the first-stage examination by TLC enables most rapidly growing mycobacteria to be distinguished on the basis of their mycobactins. Although four solvent systems were used, only two (namely I and IV) would be needed in any future routine examination of the mycobactin by this method. Where a number of strains of a particular species were examined, good consistency of the RF values of the mycobactins was again observed, except for the four strains of M.Jlavescens where two strains, M410 and M411, appeared to produce mycobactins distinct from those of the other two strains.
Examination of the mycobactins by HPLC provided the most powerful method for resolving differences between species (Table 4) , giving highly characteristic elution profiles. Mycobactins from the different species were compared on the basis of the peak shape, their number, relative percentage and retention time. In view of the intraspecies consistency of the mycobactins only the HPLC data for a single representative from each species is given in Table 4 . However, owing to the apparent heterogeneity of the M.Jlavescens taxon, data for all the strains are presented.
Species differences in the mycobactins were both obvious and highly reproducible, The HPLC elution profiles of the mycobactins produced by four species of non-chromogenic mycobacteria, namely M . smegmatis NCIB 8548, M . fortuitum NCTC 10394, M . chitae M393 and M . phlei NCIB 8573, are shown in Fig. 2 . The elution profiles of each of the other mycobactins were equally distinctive; copies of the profiles have been deposited with the British Library Lending Division, Boston Spa, Yorkshire LS23 7BQ, UK, as Supplementary Publication No. SUP 28016 (24 pages). (Copies may be obtained from the BLLD on demand; wherever possible, requests should be accompanied by prepaid coupons, held by many university and technical libraries and by the British Council.) Examination of strains failing to produce a mycobactin under conditions of iron-limitation As shown (Table 3) , some strains failed to yield a detectable mycobactin following conventional methods of growth under iron-limiting conditions although, surprisingly, some did produce these compounds when grown on glucose/yeast extract/agar instead of glycerol/asparagine/agar. Those strains which remained mycobactin-negative were subsequently grown in larger quantities (see Methods). Mycobacterium chelonae subsp. abscessus JS41 and M . uaccae M302 each yielded a trace ( -10 pg) of mycobactin from 7-5 g and 12-5 g of dry cells, respectively, allowing TLC and HPLC to be carried out. Of the remaining non-producers, M.
uaccae JS R877R was examined more closely. Cells (about 25 g dry wt) harvested from glycerol/asparagine/agar failed to yield a mycobactin which was detectable by TLC (detection limit 0.26pg) or HPLC (detection limit about 1 ng). Additionally, cells were harvested and extracted under conditions to exclude the introduction of iron, and the ensuing desferrimycobac- NCIB 8573. Separation of the mycobactins was achieved using a reverse-phase column (250 x 4 mm Lichrosorb RP18) employing a methanol/water gradient from 80% to 100% methanol over 30 min. A flow rate of 2 ml min-' and column temperature of 50 "C were maintained throughout. Peaks are labelled with their retention times in seconds; quantitative data are given in Table 4 . tin (if any) then labelled with 5sFeCl, of specific activity 4.25 pCi (pg Fe)-(157 kBq pg-l).
When TLC was carried out on such an extract from 2.5 g cells, radioactivity corresponding to 16 ng mycobactin (g dry wt)-was calculated to be present. If a bacterial cell weighs 2.8 x g (Ingraham et af., 1983) , it can be calculated that the amount of mycobactin present is about three molecules per cell. Mycobactin is thus either absent from this strain and the recovered radioactivity regarded as spurious or else mycobactin is deduced to be present but with its synthesis almost entirely repressed. With such a low content of mycobactin, its presence in this strain of M. vaccae must be regarded as highly dubious.
DISCUSSION
Rapidly growing mycobacteria are widespread in their distribution, and, although medically less important than their slower-growing relatives, are known to be occasional pathogens of man, birds and several cold-blooded species (Wolinsky, 1979). For example, over the last few I890
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years there has been an increase in serious human infections following open-heart surgery and haernodialysis associated with M . fortuitum and M . chelonae strains (Jauregui et a/., 1977) . Additionally, many fast growers such as M. caccae, M. duvalii and M . gilvum are regularly found in clinical material, though such strains are generally considered not to cause disease. The introduction of new biochemical, chemical, genetical and numerical methods over the last two decades has revolutionized our approach to the identification and classification of bacteria (Goodfellow & Board, 1980) . The mycobacteria have been separated from related genera by examination of their cell wall components, particularly the structures of their mycolic acids and other complex lipids (Minnikin & Goodfellow, 1980) . Division of Mycobacterium at the species level has been achieved mainly by biochemical and immunological tests enumerated in a series of collaborative studies carried out under the aegis of the International Working Group on Mycobacterial Taxonomy (I WGMT) (see Goodfellow & Wayne, 1982; Goodfellow & Cross, 1984) . There is little evidence that the genus should be divided into sub-genera although, in practical terms, the genus is divided into two major groups composed of the slow-growing and fast-growing mycobacteria.
In this paper we have examined the mycobactins from 14 of the 16 recognized fast-growing species (Skerman et al., 1980) , the two exceptions being M. senegalense, associated with bovine farcy (Chamoiseau, 1973) , and M. gilcurn. There are, however seven or eight other species which may be eventually approved as good species (Goodfellow & Cross, 1984) ; of these, we examined only 'M. diernhoferi', though we included in the survey several species of doubtful status: 'M. gallinarum'. ' M . kanazawa', and ' M . peregrinum'.
The mycobactins were examined by TLC and HPLC. The former procedure separates mycobactins by virtue of their differences in structure in the R 2 , Rj, R, and RS nuclear substituents (Fig. l) , whereas HPLC separates them mainly according to length of the long alkyl chain attached to the molecule (Fig. 1, R, position) . For rapid identification by those diagnostic laboratories wishing to adopt this technique the former procedure, using only two (I and IV) of the four solvent systems is sufficient to characterize a mycobactin from an unidentified organism. HPLC need only be used when further discrimination is needed. Thus a simple and rapid method is available for mycobacteriai characterization and identification. Examination of the mycobactins from the M. fortuitum group ( M . fortuitum, M . chefonae subsp. abscessus and ' M . peregrinum') suggested that each was a different molecule and thus the three taxa could be deduced to be distinct. Whilst the species status of the former two organisms does not appear to be in doubt, the status of 'M. peregrinum' is questionable. Some workers (Kubica et a!., 1972; see also Goodfellow & Cross, 1984) have considered 'M. pcregrinurn' to be synonymous with M.jurtuitum, while others (Jenkins et al., 1971 ; Pattyn et al., 1974; Baess, 1982) have continued to distinguish this organism as a separate species.
The M. parafortuitum complex, which comprises M . parafortuiturn, M. aurum, ' M . diernhoferi', M . neoaurum and M . uaccae, has a somewhat confused taxonomy. We examined representative strains of each of these five species and in addition three strains designated 'M. kanazaMu' (Kanazawa et al., 1967) ' which has been considered as part of this complex (Saito et al., 1977) . Of all the groups of mycobacteria we examined, this proved the most difficult in which to detect the presence of a mycobactin. Snow (1970) recorded similar difficulties with M. aurum for which over 10 1 of culture were needed to produce a small quantity (0-7 mg per g cell dry wt) of mycobactin. However, a mycobactin was recovered from at least one strain of each of the five species on the approved list; none unfortunately could be detected from the three strains of 'M. kanazawa' examined. The five mycobactins could all be distinguished from each other by HPLC and our conclusion that this should then indicate separation of the taxa would concur with the previous conclusions of some other groups of workers (Tsukamura et al., 198 1 ; Baess, 1982) . The co-operative study of the IWGMT on this complex of organisms (Saito et a/., 1977) concluded that there was a high overall similarity between strains of M. aurum, 'M. diernhoferi', M . neoaurum and M . parafortuitum and that new discoveries were needed to allow a more definite classification to be made. Perhaps the differences in mycobactin structures could help to clarify the systematics of this group. Mycobacterium Jlavescens. M . phlei and M . thermoresistible are thermotolerant species which are taxonomically distinct ; the diferences between the mycobactins from representative strains of the three species would agree with this. However, M.Javescens is itself thought to be a heterogeneous taxon Kubica et al., 1973) . Tsukamura & Mizuno (1975) recognized two subgroups: M. jlavescens itself and 'M. galZinarum'. Our findings with the mycobactins from four strains of M.flavescens and two of 'M. gallinarum' would clearly indicate heterogeneity. The mycobactins from both strains of ' M . gallinarum' appeared, by both TLC and HPLC, to be similar if not identical but these clearly differed on HPLC from those of the four M . flavescens strains examined. In turn, the M.Juvescens strains produced mycobactins which were obviously distinct from each other (see Table 4 ), at least four separate mycobactins being recognized. Whether this warrants division of M. fzavescens into further species or subspecies must await the results of other taxonomic studies. Characteristic mycobactins, differentiable from each other and from other mycobactins, were obtained from the remaining mycobacteria examined in this study: M. chime, M. smegmatis, M . duvalii and M . gadium. Our findings would support each being a distinct taxon including M. chitae (Goodfellow & Wayne, 1982) .
The apparent absence of mycobactin in some species (see Table 3 ), even when grown under conditions of strict iron-limitation, or on an alternative medium besides glycerol/asparagine/ agar, may be attributed to a number of factors. The organism may have an alternative iron incorporation system which satisfies its requirement for the metal. Secondly, the usual habitat of the organism may provide a ready supply of the metal and provision of a storage mechanism for iron may thus be unnecessary. Mycobactins may not be produced by some organisms owing to the loss or complete absence of the required biosynthetic machinery. Finally, biosynthesis of mycobactin may be strongly repressed and mycobactin may be produced only in minute amounts, even under conditions seemingly conducive for the derepression of mycobactin synthesis. Massive quantities of cells grown in iron-deficient conditions would therefore be required for their detection and isolation. Such an organism may need special conditions or specific concentrations of iron to derepress mycobactin synthesis. The iron metabolism of such apparent non-producing strains is currently under further examination. It is apparent, however, that the putative absence of a mycobactin from an organism cannot be interpreted as that organism not being a mycobacterium.
The mycobactins have an important role to play in the identification of mycobacteria at the species level. Whether the presence of a unique mycobactin molecule in an organism should be indicative of that organism being regarded as a separate species remains to be established. The data presented in this paper illustrate the powerful discriminatory power of the mycobactin as a chemotaxonomic character. If this approach can be allied with other equally modern discriminatory techniques, the way becomes open to characterize the species in a very accurate manner. Examination of additional strains may well show that mycobactin composition should be included in the minimal description of certain mycobacterial species. At the very minimum, the mycobactin should be recognized as creating distinct chemotaxa of the Mycobacterium genus.
